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Abstract 
The flow of a ferrofluid in a stationary cylindrical container driven by a rotating magnetic field has received considerable 
attention since the inception of the field of ferrohydrodynamics. Much controversy has resulted regarding the existence, or lack 
thereof, of bulk flow under conditions of a rotating uniform magnetic field, which can be generated for example, using a two-pole 
stator winding. The original observations of flow at the interface showed counter-rotation of field and fluid, whereas recent 
observations of bulk flow using the ultrasound technique have shown co-rotation of field and fluid. Various theories have been 
advanced over the years to explain the observed phenomena, including the spin diffusion theory of Shliomis and the hypothesis 
that it is field non-uniformity, generated by non-ideal stator winding distributions, that actually drives the flow, as first proposed 
by Glazov. We have revisited this problem from an analytical perspective by solving the ferrohydrodynamic and 
magnetoquasistatic equations self-consistently for the case of ferrofluid in a cylindrical container, with and without an internal 
co-axial cylinder, and driven by the field generated by a multipole stator winding distribution. In such a winding increasing the 
number of poles results in increasingly non-uniform fields. It is shown that regardless of the number of poles in the stator 
winding the ferrohydrodynamic equations do not predict any flow in either geometry as long as the spin viscosity parameter is 
assumed to be zero. Velocity profiles are obtained for both geometries and arbitrary number of poles for the case of non-zero spin 
viscosity. It is shown that only for the case of a two-pole stator winding and ferrofluid constrained to the annular space between 
an inner and outer cylinder do the ferrohydrodynamic equations predict co-rotation of fluid and field close to the outer cylinder 
and counter-rotation of fluid and field close to the inner cylinder, in qualitative agreement with experimental measurements made 
using an oil based ferrofluid. 
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1. Introduction  
 
The flow of a ferrofluid in a cylindrical geometry in a rotating magnetic field has been widely studied [1-5]. 
Various explanations have been proposed for this phenomenon, such as the existence of surface stress driven flow 
[5], the possibility of temperature gradients produced by energy dissipation due to the rotation of the magnetic 
particles [6], the effect of higher spatial harmonics of the magnetic field produced by nonidealities in the stator 
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winding [2, 7, 8], and the spin diffusion theory [9], which considers both internal angular momentum and linear 
momentum. Previous studies [3, 4, 10] have eliminated the first two explanations on the basis of experimental 
conditions and observations, such as by using a cover to remove surface stresses and by maintaining constant 
temperature throughout the experiments. In those experiments a two pole stator winding was used, which ideally 
generates a uniform rotating magnetic field. However, actual stator windings have non-idealities due to slot effects 
and the finite axial length of the winding, thus the possibility yet exists that experimental observations are due to 
higher spatial harmonics (m > 1) of the magnetic field. 
Although compelling qualitative agreement has been found between the spin diffusion theory and experimental 
observations [4, 10] these analyses have tacitly neglected any non-uniformity generated by non-idealities in the 
stator winding distribution. Although the measured field non-uniformity in the experiments was less than 6% in the 
radial direction, the possibility still remains that higher spatial harmonics could drive the observed flow, as proposed 
by Glazov [2], who concluded that ferrofluid flow cannot be driven by the fundamental harmonic (m = 1) of an ideal 
two pole stator winding. Unfortunately, Glazov [2] did not solve the ferrohydrodynamic and magnetoquasistatic 
equations self-consistently, as he introduced an ad hoc condition for the spin velocity profile, namely that the phase 
angle between the magnetization and magnetic field increases with the parameter m.  
In this contribution we present a self-consistent solution of the ferrohydrodynamic and magneto-quasistatic 
equations for the case of ferrofluid in a cylindrical container with and without an internal co-axial cylinder and 
driven by an ideal multipole stator winding (i.e., of arbitrary m), backed by an infinite permeability material. We 
consider both cases of zero and non-zero spin viscosity. By considering an m-pole stator winding the effect of field 
non-uniformity on the resulting flow can be studied, as m UHVXOWVLQQRQ-uniform rotating fields. Expressions are 
obtained for the translational and spin velocities and predicted flow profiles are given for a ferrofluid with the 
physical and magnetic properties described in [10]. Perhaps the most important feature of the analysis is that without 
spin viscosity no flow is predicted for arbitrary m (i.e. irrespective of the degree of field non-uniformity). 
Furthermore, only for m = 1 is a velocity profile obtained for ferrofluid in an annular gap which has the qualitative 
features observed experimentally using a two-pole winding. 
 
2. Governing equations and solution method 
 
The actual three dimensional experimental problem is considered in a simplified situation, with an infinite 
cylindrical geometry as depicted in Figure 1. Variations along the vertical axis are neglected. The ferrofluid is 
confined between an inner cylinder of radius R1 with magnetic permeability ȝP and an external cylinder of radius R2. 
There is a z-directed surface current distribution Kz located at R2  
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where the parameter m is a positive integer that represents the non-idealities in the stator winding [2], and 2m is the 
number of poles in the stator winding. 
The hydrodynamic and magnetization problems are coupled by the magnetization relaxation equation and the 
body forces and couples. Using a regular perturbation expansion with  23 2 0H D o  as the perturbation 
parameter [4, 10], where D is the Langevin parameter, it is possible to uncouple the magnetic and hydrodynamic 
problems. Following [4, 10] the governing equations can be expressed in dimensionless form as  
    ,~~~~2~~~~~ vȦpHM0 2u 
K
K
K
]
K
] e
                                                  
(2) 
    ,~~4~4~~2~~
ȍ~
1
2
ȦȦvHM0 2uu 
NK
K
ef                                                    
(3) 
,
~~
~
~
ȍ~ MHM  
w
w
tf
                                                                               (4) 
  ,~~~ 0MH   iF                                                                               (5) 
,
~~
0H  u                                                                                   (6) 
I. Torres-Dı´az, C. Rinaldi / Physics Procedia 9 (2010) 152–155 153
 Carlos Rinaldi / Physics Procedia 00 (2010) 000±000  
where eK K ]   is the effective viscosity, and N is a dimensionless parameter inversely proportional to the spin 
viscosity 
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A self consistent solution is obtained by first solving (4)-(6) to obtain the magnetic field and magnetization, 
subject to the applicable boundary conditions. With this solution expressions are obtained for the time-averaged 
body force and couple acting on the ferrofluid. These are then used in solving (2) and (3) for the spin and 
translational velocity profiles. The solution procedure is similar to that used in [4, 10] but complicated by the effect 
of field non-uniformity. 
 
Figure 1: Cylindrical geometry of the ferrohydrodynamic problem of flow of ferrofluid in a cylindrical container of radius R2, 
 illustrated here with an internal coaxial cylinder of radius R1. 
3. Predicted Translational Velocity Profiles 
 
The analysis described in Section 2 showed that for zero values of the spin viscosity there is no flow.  For the 
case of non-zero spin viscosity theoretical translational and spin velocity profile were calculated for flow in a 
cylindrical container and in an annular gap. Physical and magnetic properties for a commercial ferrofluid obtained 
from Ferrotec Corporation (Nashua, NH. USA), given in [4, 10], were considered. Profiles for a magnetic field 
amplitude of 2.0 mT and N = 30 are shown in Figure 2. This value of N was chosen as it seemed to fit the 
experimental measurements of [4, 10], although admittedly it leads to an unexpectedly high value of the spin 
viscosity. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Calculated azimuthal translational velocity profiles for ferrofluid in a cylindrical container (i.e., spin-up geometry, left)  
and in an annular gap (right) for various values of the parameter m. In the case of the annular gemetry, experiments 
 with a two-pole stator winding have shown flow which is qualitatively similar to that shown in the right for m = 1. 
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4. Conclusion 
 
A general solution for ferrofluid flow in an annular cylindrical gap in the presence of the magnetic field 
generated by a multipole stator winding was obtained. This solution includes as special cases the solutions for a two 
pole stator winding (m=1), for both cylindrical and annular gap geometries. It was found that if spin viscosity is 
neglected the ferrohydrodynamic equations predict there is no flow, regardless of the value of m, which 
parameterizes the field non-uniformity. It was also shown that, only for the case of a two pole stator winding the 
ferrohydrodynamic equations including spin viscosity predict a reversing flow in an annular gap, i.e. co-rotation of 
fluid and field near the outer cylinder and counter-rotation of fluid and field near the inner cylinder, which is in 
qualitative agreement with experimental measurements.  
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